Research Article
A glassy carbon electrode (GC) containing multiwalled functionalized carbon nanotubes (MWCNTs) immobilized within a dihexadecylhydrogenphosphate film (DHP) is proposed as a nanostructured platform for determination of methotrexate (MTX) concentration (a drug used in cancer treatment) using differential pulse adsorptive stripping voltammetry (DPAdSV). The voltammograms for a MTX solution using MWCNTs-DHP/GC electrode presented an oxidation peak potential at 0.98 V vs. Ag/AgCl (3.0 mol L -1 KCl) in a 0.1 mol L -1 sulphuric acid. The apparent heterogeneous electron transfer rate constant of 0.46 s -1 was calculated. The recovery area of 2.62×10 -9 mol cm 2 was also obtained. Under the optimal experimental conditions, the analytical curve was linear in the MTX concentration range from 5.0×10 -8 to 5.0×10 -6 mol L -1
, with a detection limit of 3.3×10 -8 mol L -1
. The MWCNTs-DHP/GC electrode can be easily prepared and was applied for the determination of MTX in pharmaceutical formulations, with results similar to those obtained using a high-performance liquid chromatography comparative method.
Cent. Eur. J. Chem. • 11(11) • 2013 • 1837 -1843 DOI: 10.2478 Differential pulse adsorptive stripping voltammetric determination of methotrexate using a functionalized carbon nanotubes-modified glassy carbon electrode creating binding sites, which is of great importance for sensor applications [13] [14] [15] [16] [22] . In another paper, Yao and co-workers developed a highly sensitive hydrogen peroxide amperometric sensor using MnO2 nanoparticles immobilized in a DHP composite film [20] . The combination of DHP and nanoparticles have been suggested by Wu and Hu, who investigated the direct electrochemistry of glucose oxidase in a composite film containing Au nanoparticles and dihexadecylhydrogenphosphate [21] . In this paper we describe a novel type of application for functionalized MWCNTs/DHP films as modified electrodes for determination of MTX using differential pulse adsorptive stripping voltammetry (DPAdSV). The interest in detecting MTX comes from to the importance of the quality control in the manufacturing of this anticancer chemical.
Experimental procedure

Chemicals
DHP was obtained from Sigma. MWCNTs (20-30 nm in diameter, 1-2 nm wall thickness and 0.5-2.0 µm in length and 95% purity), were purchased from Aldrich. All other chemicals were of analytical grade. All the solutions were prepared with Millipore Milli-Q nanopure water (resistivity > 18 MΩ cm). The pharmaceutical MTX (Fig. 1 ) was purchased from a local drugstore.
Apparatus
The voltammetric measurements were performed with a three electrode system, including the MWCNTs-DHP/ GC as working electrode, a platinum plate as counter electrode, and Ag/AgCl (3.0 mol L -1 KCl) as reference electrode at 25 o C. Voltammetric measurements were carried out by an Autolab Ecochemie model PGSTAT12 (Utrecht, Netherlands) potentiostat/galvanostat controlled by GPES 4.9 software. The morphologies were verified using a FEG-SEM (Supra 35-VP, Carl Zeiss, Germany) equipment with electron beam energy of 25 keV. The MTX determination using HPLC was carried out using an LC-10AT Shimadzu system with a UV/Vis detector (SPD-M10-AVP) set at a wavelength of 306 nm and a Shim-Pack CLC-ODS (4.6×150 mm, 5 μm) chromatographic column. The mobile phase was methanol/ 0.05% v/v H 3 PO 4 solutions (23:77, v/v). The flow rate was 1.0 mL min −1 , and the injection volume was 50 μL.
Preparation of MWCNTs-DHP/GC
The MWCNTs were treated to remove some impurities using a mixture of 3:1 v/v conc. HNO 3 : conc. H 2 SO 4 solution for 12 h at room temperature. After this, the suspension was centrifuged, and the solid obtained was rinsed several times with ultrapure water until pH 6.5-7.0, and, subsequently, it was dried at 120°C for 6 h [8, 23] .
The GC electrode (diameter 5 mm) was polished with metallographic abrasive paper (No. 6) and slurries of 0.3 and 0.05 µm alumina microparticles to a mirror finish. After being rinsed with Milli-Q water, the electrodes were sonicated in absolute ethanol followed by Milli-Q water for 1 min.
A mass of 1.0 mg of MWCNTs and 1.0 mg of DHP was added to 1.0 mL of water followed by sonication for 2 h to form a 1.0 mg mL -1 stable black MWCNTs suspension. Finally, 20 µL of the mixture was cast onto the surface of a GC electrode and allowed to dry for 2 h. This electrode was designated as MWCNTs-DHP/GC. ( 1) where I p is the cathodic peak current (A), A is the electroactive area (cm 2 ), D is the diffusion coefficient of
3-in solution (6.2 × 10 -6 cm 2 s -1 ) [25] , n is the number of electrons transferred in the redox reaction, v 
2.4.Sample preparation
Pharmaceutical formulations containing MTX were purchased from a local drugstore, and analyzed by the proposed method and by the HPLC comparative method. MTX sample solutions were prepared using a representative number of tablets (5 or 10) of each pharmaceutical sample was reduced to a homogeneous fine powder in a mortar and an accurate mass of the powder was accurately weighed and transferred to a 10 mL volumetric flask, the volume was made up with a 0.1 mol L -1 H 2 SO 4 . All insoluble pharmaceutical excipients of samples were removed by filtration using a filter paper.
Results and discussion
Characterization of MWCNTs
The MWCNTs were sonicated for 2 h with DHP to form a stable black suspension in water, as shown in According to Randles-Sevčik equation, the electroactive areas were 0.155, 0.063 and 0.101 cm 2 , for MWCNTs-DHP/GC, DHP/GC and the bare GC electrodes, respectively. The presence of MWCNTs increased the electroactive surface. As shown by Janegitz et al., the DHP film has a uniform nanostructured form with holes and MWCNTs-DHP showed MWCNTs distributed homogenously in the film [9] . These results could be explained by the low electric conductivity of DHP film on the CGE surface that retards the diffusion of analyte and/or the electron transfer of analyte. However, a greatly improved analytical signal was observed for MTX at MWCNTs-DHP/GC.
Voltammetric behavior of MTX
The electrochemical behavior of MTX was assessed using MWCNTs-DHP/GC, DHP/GC and GC electrodes in the presence of 4.0 × 10
H 2 SO 4 by cyclic voltammetry (CV) in the potential range Differential pulse adsorptive stripping voltammetric determination of methotrexate using a functionalized carbon nanotubes-modified glassy carbon electrode of 0.0 -1.20 V (Fig. 4) . A well-defined oxidation peak was observed for MWCNTs-DHP/GC on the anodic scan. On the reversal scan, no corresponding reduction peak was detected. The voltammogram obtained employing the MWCNTs-DHP/GC electrode presented a higher anodic peak current and a lower peak potential when compared with the CV obtained using the DHP/ GC and GC electrodes. The peak potential was at 0.96 V (A). Under identical conditions, the oxidation peak current of MTX at the MWCNTs-DHP/GC electrode was much higher, and its oxidation peak potential shifted to 0.75 V (C).
The supporting electrolyte and pH can affect the voltammetric response of the electrode. We investigated the influence of accumulation time on the oxidation peak current of 1.0 × 10 -6 mol L -1 MTX in the range from 0 to 360 s. The anodic peak current increased with the accumulation time from 0 to 300 s, remaining constant after this time. An accumulation time of 300 s was used for further studies.
The effect of scan rate on the oxidation peak of MTX was investigated. The peak current I p increased linearly with the scan rate v in the range of 10 -300 mV s -1 (Fig. 5 ) and the linear regression equation was I p (A) = 6.0 (± 0.3) × 10 -6 + 3.8 (± 0.1) × 10 -4 υ(V), (r = 0.995). The latter results indicated that the oxidation of MTX was an adsorption-controlled irreversible process. The recovery area for 1.0 × 10 -6 mol L -1 MTX was calculated using the Eq. 2 [24], which presented G o = 2.62 × 10 -9 mol cm 2 . Assuming that the film is a monolayer-type, it can affirm one MTX molecule occupies an area of 6.33 × 10 -16 cm 2 .
We calculated the apparent heterogeneous electron transfer rate constant (k s ), for which the relationship between the peak potential E p and the scan rate v followed by the Laviron equation [11] (Eq. 2). The oxidation peak potential shifted linearly with ln v in the range of 10 -300 mV s -1 with the linear regression equation E p = 0.97 (± 0.2) + 0.03 (± 0.01) ln υ (V s -1 ) (r = 0.995). The relationship αn was calculated to be 0.90 and the number of electrons (n) transferred in the oxidation of MTX is 1 [3] . Therefore, the a value was calculated to be 0.90 and the k s was calculated to be 0.46 s -1 . Moreover the value of E 0 was estimated from the intersection of E p vs. v by extrapolation to v = 0, which presented a value of 843 mV (3) where E p is the anodic peak potential, α is the transfer coefficient, v the potential scan rate (V s −1 ), k s apparent heterogeneous electron transfer rate constant (s −1 ), n (1) is number of electrons to MTX oxidation and R, F and T have their usual meanings. 
Determination of MTX by Differential
Pulse Adsorptive Stripping Voltammetry (DPAdSV)
MTX detection experiments were carried via DPAdSV using the MWCNTs-DHP/GC electrodes and 1.0 × 10 −6 mol L -1 MTX in 0.1 mol L −1 H 2 SO 4 solution. To establish the optimum conditions for the determination of MTX, the influence of the instrumental parameters on the peak current response for 1.0 × 10 −6 mol L −1 MTX in 0.1 mol L −1 H 2 SO 4 was investigated. The scan rate was studied in the range from 10 to 60 mV s -1 , in which 50 mV s −1 presented the best voltammetric profile. The pulse amplitude (a), which also influences the DPV signal, was performed in the range of 10 to 80 mV and increased linearly to 70 mV. This value was selected for the subsequent analytical applications. The modulation time (t) experiments were carried out in the range of 1 to 30 ms and increased significantly for values up to 20 ms, and then leveled off. The latter value was chosen for further studies.
We also evaluated the relationship between the increase of the oxidation peak current and the concentration of MTX using the MWCNTs-DHP/GC electrode. Under the optimized parameters the analytical curve using DPAdSV was obtained for MTX and the results are shown in Fig. 6 . The anodic peak current was linearly dependent on MTX concentration ( We also investigated the repeatability and reproducibility by successive voltammetric measurements in presence 1.0 × 10
In the repeatability study, 10 successive voltammetric measurements were realized, using the same electrode, which presented a relative standard deviation (RSD) of 1.4%. In the reproducibility study, 5 different MWCNTs-DHP/GC electrodes were investigated and a RSD of 3.1% was obtained. In addition, the MWCNTs-DHP/GC electrode was kept at room temperature in a desiccator, which maintained 90% of the initial electrochemical activity after 55 measurements (in 45 days).
The possible interference of excipient substances frequently found in MTX pharmaceutical formulations, such as sodium lauryl sulfate, lactose and starch was evaluated using the MWCNTs-DHP/GC electrode. We evaluated DPV measurements containing 5.0 × 10 −5 mol L -1 MTX and excipients (10-fold excess). All excipients presented interference lower than 5%. Therefore, the excipients commonly present in this pharmaceutical formulation did not affect the MTX determination using the MWCNTs-DHP/GC electrode. Thus, the MWCNTs-DHP/GC electrode was applied to the determination of the MTX pharmaceutical formulations by the standard addition method and HPLC [27] method. Table 1 shows the results, which were in good agreement with those obtained using a comparative method (t-paired test) at a confidence level of 95%. Table 2 shows the response characteristics of the MWCNTs-DHP/GC electrode and those recently reported electrodes for MTX determination. As can be observed, the MWCNTs-DHP/GC presented a wider linear range and a similar limit of detection of those electrodes. In the case of the electrode proposed by Selesovska et al. [5] , the use of mercury of high toxicity requirescareful preparation and application. The electrodes proposed by Wang et al. and Wang et al. [7] presented quite wide linear range, but the electrodes Differential pulse adsorptive stripping voltammetric determination of methotrexate using a functionalized carbon nanotubes-modified glassy carbon electrode presented some disadvantages in its preparation, such as the use of organic solvents and/or long time of electrode preparation. Therefore we can affirm that the MWCNTs-DHP/GC be used to determine MTX in pharmaceutical formulation in routine analyses are successful. The reproducibility and stability of the MWCNTs-DHP/GC electrode for the determination of MTX was investigated. The stability of the modified electrode was evaluated by measuring the current responses at a fixed MTX concentration of 0.25 mM over a period of fifteen days. The electrode was used daily and stored in air. The experimental results indicated that the current responses deviated intraday by 2.4% and interday by 5.1%, suggesting that the nanogold modified electrode possesses good stability. To characterize the reproducibility of the modified electrode, repetitive determinations of MTX were carried out at 0.25 mM concentration at pH 7.2. The results of six replicate measurements showed a relative standard deviation of 2.42% indicating that the results are reproducible.
Conclusions
We proposed a novel type of application for functionalized MWCNTs/DHP/GC for determination of MTX using differential pulse adsorptive stripping voltammetry (DPAdSV). The electrode exhibited fast response, high sensitivity, and good stability for the voltammetric determination of MTX. Moreover, the MWCNTs-DHP/GC was a sensitive electrode platform for the determination of MTX in pharmaceutical formulations, and probably, it can be applicable to other matrix samples. The MWCNTs/DHP/GC electrode presented a linear response to MTX, which was attained in the range from 5.0 × 10 -8 to 5.0 × 10 -6 mol L -1 , with a detection limit of 3.3 × 10 -8 mol L -1 , with RSD of 1.4% for the repeatability study, and 3.1% for reproducibility study. In addition, the proposed method could be implemented in routine analysis, dispensing any time-consuming sample pretreatment. 
